We present a theoretical model for longitudinal collective The current shot-noise in charged particle beams is the current fluctuations due to the corpuscular nature of the particles and their random arrival at the current measurement point.
not yet observed experimentally at optical frequencies.
The current shot-noise in charged particle beams is the current fluctuations due to the corpuscular nature of the particles and their random arrival at the current measurement point.
The shot-noise is the source of incoherent radiation in electron beam radiation sources, including Self Amplified Spontaneous Emission (SASE) FELs [1] . The particle beam current shot-noise is the source of radiation in beam diagnostics schemes such as "Optical Transition Radiation" (OTR), used to measure the particle beam transverse current distribution under the assumption that the current shot-noise is proportional to the current density at the OTR screen plane [2] .
In a number of laboratories it was observed recently that the transverse distribution of OTR emission from accelerated electron beams deviates substantially from the beam current distribution [3, 4, 5, 6, 7] . This effect of "Coherent OTR" is related to the process of longitudinal space-charge random "microbunching" [8, 9, 10] , which is a transverselycoherent, longitudinally-random current (or density) noise in the e-beam. Of relevance to our work are the COTR observations in the photocathode RF-LINAC injector of SLAC/LCLS experiment. In this experiment effects of coherent OTR diffraction patterns and nonlinear growth of the integrated OTR power vs. beam current were observed, and were termed "Unexpected Physics" when first discovered [3, 4] . Now there is an understanding that these observations are evidence of a longitudinal collective interaction process, which took place in the high current density drift section along a focused beam waist formed after the 135MeV RF-LINAC injector [5, 6] . This interaction produced there transversely coherent longitudinally-random beam-energy modulation ("microbunching"), which transformed into current (density) microbunching after beam passage through an energy dispersive element (a magnetic dipole bend). The observed transverse coherence and the intensity enhancement of the measured COTR radiation were the result of the transverse coherence and intensity enhancement of this current "microbunching" noise.
In this paper we present a theoretical model for longitudinal Coulomb-collective interaction and noise evolution dynamics. For a short collective interaction region our model predicts COTR power enhancement as observed in the LCLS experiments; it is in good agreement with the observed transverse coherence features. For long collective interaction lengths our model predicts a possibility to control the current-noise level, and in particular the possibility to decrease it below the normal shot-noise level, an effect not yet observed at optical frequencies.
It should be noted that current shot-noise reduction was studied and demonstrated some 60 years ago in the microwave tubes frequency range [11, 12] . The possibility to extend such noise reduction schemes to the optical frequency regime and to relativistic electron beams is still controversial. We show in this paper that despite the longitudinal plasma frequency reduction at highly relativistic acceleration energies, the high current, high quality beams attainable nowadays with photocathode injectors [13] , may allow attainment of conditions for current shot-noise reduction via the longitudinal collective interaction process. [14] .
After Fourier transformation, it is convenient to describe the dynamic axial interaction evolution process in terms of the spectral axial current:
are the Fourier transformed beam velocity and energy modulation parameters, and ( )
is a relativistic definition of Chu's "Kinetic Voltage" [11] .
In a free-drift beam transport section with constant beam parameters, our relativisticly extended theory results in the following dynamic equations for the spectral noise parameters [14] :
where 
Here δE c is the longitudinal energy spread in the beam. In low-noise vacuum tube guns it is ideally limited by the cathode temperature (δE c ≈ k B T c ), but in an RF gun-injectors and accelerators it is significantly increased during the acceleration processes. , the condition is:
At optical frequencies, even with γ 0 >> 1, inequality (6) can be satisfied, and in many cases one may set r p ≅1.
From equations (2, 3) one can note that for cases where the current shot-noise amplitude dominates -
and the collective interaction length is short (
namely, the current noise does not change, and the velocity noise amplitude ( ) We shall use these expressions to describe an example based on the LCLS experimental parameters [4, 5] : γ 0 = 265, I b = 40 A, L d = 2.5 m, σ x = 67.3 µm, λ = 1 µm, δE c = 3 keV. We find that φ p = 0.35<1, which enables use of the approximate expressions (8, 9) , and justifies the use of the conventional linear modulation model. The spectral energynoise enhancement factor in the collective interaction region is:
We find f v = 5x10 3 . For our chosen example, if the e-beam is, consequently passed through an ideal energy dispersive electron-optic element having only a momentum-compaction coefficient R 56 ≠ 0 (for the other coefficients: R i≠j = 0, R ii = 1) the energy-noise transforms into a current noise according to:
and the overall spectral current noise enhancement factor after the dispersive element becomes: We shall now consider the unexplored limit of long collective interaction, where the quarter plasma oscillation condition is satisfied:
In this case, there is full transformation of velocity noise into density noise and vice versa:
and the current-noise enhancement factor in the collective interaction section is given by: 
For the common case of current shot-noise dominated beam (7), Eq. 16 results in current-noise reduction (f i < 1). For example, if we consider an experiment with all of the LCLS parameters as above, but with a beam drifting through a longer interaction length to satisfy (13), Eq. (16) yields a huge current-noise reduction: f i = 2.5x10 -5 . Concurrently, the energy noise (10) is enhanced to its maximal value f v = 1/f i = 4x10 4 .
The possibility to reduce the e-beam current-noise seems somewhat counter-intuitive (although no thermodynamic principles are violated, since the current-noise reduction is accompanied by an energy-noise enhancement). The longitudinal plasma oscillation and current-velocity modulation exchange process (2, 3) of a coherent Plasma wave is well known. For a random density modulation case the exchange process can be understood as dilation of randomly formed bunches due to Coulomb repulsion of charges within the bunches. For the purpose of illustration, we show in Fig. 1 the homogenization process that takes place in a model of a beam composed of finite cross section charge discs, randomly distributed in the axial dimension, interacting with each other by Coulomb repulsion.
In the following we analize limitations to the validity of our fluid plasma model in the optical frequency range, for which we propose to apply the current-noise reduction scheme.
To justify our longitudinal charge bunching model, a multitude of particles must be present per bunching wavelength λβ 0 : 
and on the emittance:
In Appendix A we show that in order to realize a quarter plasma period oscillation interaction length (13) by focusing the beam to a waist in free space, a sufficient condition, besides (17-18) is that the transported beam expansion is space-charge dominated. To satisfy this condition the emittance must also satisfy the restriction:
where L d is the quarter plasma wavelength length (13) . Condition (20) Considering again the previous example based on the LCLS parameters, and given the reported emittance ε n = 1 µm, one can verify that all inequalities (17 -19) are satisfied except for (20) . Therefore, to satisfy (13) with the design example, it would be necessary to achieve improved emittance or extend the interaction length to more than L d = 15 m. Alternatively, condition (13) may be satisfied at shorter lengths, if one avoids free space propagation, and provides additional focusing means along the interaction length.
The current noise reduction scheme would have important application if the "quieted" e-beam could be used as the current input of coherent seed-injected FEL schemes: seed radiation [16] , pre-bunched beam [17] and HGHG [18] . In these radiation schemes temporal coherence of the radiation would be attained only if the seed power exceeds the incoherent beam noise power [19] . HHG seed-radiation injection has already been demonstrated in the UV-wavelength regime [20] . Great efforts are devoted worldwide to extend these schemes to the X-UV regime. The proof is based on the K-V beam envelope equation [21] 
